The optical and material properties of negatively charged nitrogen-vacancy (NV) centres in diamond make them attractive for applications ranging from quantum information to electromagnetic sensing. These properties are strongly dependent on the vibrational manifold associated with the centre, which determines phenomena associated with decoherence, relaxation and spin-orbit coupling. Despite its paramount importance in tuning these properties, the role of the vibrational bath and its effect on the electronic-state dynamics of NV centres in diamond is not fully understood. To elucidate the role of the bath, we present two-dimensional electronic spectroscopic studies of ensembles of negatively charged NV defect centres in diamond (NVD). We observe picosecond non-radiative relaxation within the phonon sideband and find that strongly coupled local modes dominate the vibrational bath. These findings provide a starting point for new insights into dephasing, spin addressing and relaxation in NVD with broad implications for magnetometry, quantum information, nanophotonics, sensing and ultrafast spectroscopy. D iamond can stably accommodate a variety of defects, each of which has its own characteristic properties. One particular defect, called the NV centre, consists of a nitrogen substitution with a nearest-neighbour-vacancy point defect in the carbon lattice. When negatively charged, the NV centre has a unique combination of spin and optical properties, accommodating remarkable spin coherences of up to one second at room temperature 1 . As a quantum solid-state system, NV centres are particularly promising owing to their optically and magnetically addressable spin coherences, fast spin manipulation 2 , and coupling to adjacent electronic and nuclear spins 3 . These systems have wide ranging applications including solid-state qubits 1,3,4 , ultrasensitive magnetometers 5,6 , single-photon emitters 7 and ultraresolution imaging 8 . In a diamond system containing negatively charged NV centres, the spin states can be initialized and read out by accessing an optical transition between triplet states due to an intersystem-crossing pathway. Whereas the nanosecond decay of the electronic state has been investigated in earlier work 9-11 , ultrafast picosecond and femtosecond dynamics associated with coherent vibrational motion and internal conversion pathways remain entirely unexamined. In addition to the electronic levels, NVD systems have significant phonon sidebands. The vibrational modes in these sidebands are strongly coupled to the NV centre [12] [13] [14] , influencing the decoherence of the spin state and dephasing in the excited state 9 , the flow of energy through the system, and the optical transitions 15 . Understanding the dynamics of the vibrational bath is critical to understanding the optical dephasing of the system and thus to applications involving optically driven quantum effects. Beyond applications related to the quantum mechanical properties, the interaction between electronic states and vibrational modes in the NVD system provides us with critical information on its fundamental properties with implications for its use in nanophotonics, sensing, magnetometry and NMR. To elucidate the relaxation pathways of this solid-state quantum system, we present ultrafast optical measurements on NVD. Using two-dimensional electronic spectroscopy [16] [17] [18] (2DES), the dynamics of both the electronic and vibrational relaxation pathways in NVD are measured on femtosecond timescales. This time resolution allows us to observe coherent vibrational dynamics and relaxation through the phonon sideband in real time. 2DES allows us to create an energy-dynamic map of the system, tracing out the vibrational and electronic relaxation pathways through coherences and populations of vibrational and electronic states. 2DES is a powerful spectroscopic technique that provides a means of correlating the initial absorption interaction with the final emission. Using the 2DES experiment, we find that the spectrum of the NV centre is dominated by individual local vibrational modes. By constructing a discrete spectral density using the experimentally determined frequencies we model the linear and nonlinear optical signals and demonstrate the importance of the local modes in the vibrational bath.
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iamond can stably accommodate a variety of defects, each of which has its own characteristic properties. One particular defect, called the NV centre, consists of a nitrogen substitution with a nearest-neighbour-vacancy point defect in the carbon lattice. When negatively charged, the NV centre has a unique combination of spin and optical properties, accommodating remarkable spin coherences of up to one second at room temperature 1 . As a quantum solid-state system, NV centres are particularly promising owing to their optically and magnetically addressable spin coherences, fast spin manipulation 2 , and coupling to adjacent electronic and nuclear spins 3 . These systems have wide ranging applications including solid-state qubits 1, 3, 4 , ultrasensitive magnetometers 5, 6 , single-photon emitters 7 and ultraresolution imaging 8 . In a diamond system containing negatively charged NV centres, the spin states can be initialized and read out by accessing an optical transition between triplet states due to an intersystem-crossing pathway. Whereas the nanosecond decay of the electronic state has been investigated in earlier work [9] [10] [11] , ultrafast picosecond and femtosecond dynamics associated with coherent vibrational motion and internal conversion pathways remain entirely unexamined. In addition to the electronic levels, NVD systems have significant phonon sidebands. The vibrational modes in these sidebands are strongly coupled to the NV centre [12] [13] [14] , influencing the decoherence of the spin state and dephasing in the excited state 9 , the flow of energy through the system, and the optical transitions 15 . Understanding the dynamics of the vibrational bath is critical to understanding the optical dephasing of the system and thus to applications involving optically driven quantum effects. Beyond applications related to the quantum mechanical properties, the interaction between electronic states and vibrational modes in the NVD system provides us with critical information on its fundamental properties with implications for its use in nanophotonics, sensing, magnetometry and NMR. To elucidate the relaxation pathways of this solid-state quantum system, we present ultrafast optical measurements on NVD. Using two-dimensional electronic spectroscopy [16] [17] [18] (2DES), the dynamics of both the electronic and vibrational relaxation pathways in NVD are measured on femtosecond timescales. This time resolution allows us to observe coherent vibrational dynamics and relaxation through the phonon sideband in real time. 2DES allows us to create an energy-dynamic map of the system, tracing out the vibrational and electronic relaxation pathways through coherences and populations of vibrational and electronic states. 2DES is a powerful spectroscopic technique that provides a means of correlating the initial absorption interaction with the final emission. Using the 2DES experiment, we find that the spectrum of the NV centre is dominated by individual local vibrational modes. By constructing a discrete spectral density using the experimentally determined frequencies we model the linear and nonlinear optical signals and demonstrate the importance of the local modes in the vibrational bath.
A simplified schematic of the NVD energy-level structure is shown in Fig. 1a . The 3 A and 3 E states are split into m s = ±1 and m s = 0 spin sublevels. Although the spin states are not directly observable in the electronic optical measurements, they are affected by the electronic and vibrational transitions that are the subject of the present work. Singlet states, with an energy gap corresponding to the near infrared 11, 19 , are not optically excited or probed in the present measurement. The absorption spectrum of the NVD sample used in the experiment is shown in Fig. 1b . The zerophonon line (ZPL), which in a linear measurement corresponds to transitions between the ground and excited state occurring without the assistance of a vibration, is at 15,700 cm −1 (638 nm) and persists at room temperature in NVD. The broad feature to the high-energy side of the ZPL is the phonon sideband that spans more than 300 meV at room temperature. In the linear absorption spectrum some vibronic structure, associated with vibrational states that are Figure 1 | Properties of the negatively charged NVD. a, The level structure of the negatively charged NVD including the vibrationally broadened spin triplet 3 E excited state and the 3 A ground state. The lowest energy, zero-phonon transition between the ground and the excited state produces a ZPL in the absorption spectrum that persists to room temperature. b, Room-temperature absorption spectrum of the NVD sample and the laser spectrum centred at 16,000 cm −1 (625 nm) used in 2DES data collection. c, Second derivative of the absorption spectrum, emphasizing the vibronic structure of the phonon sideband. d, An absolute-value 2DES plot of NVD with a waiting time (t 2 ) of 5 ps. The intensity scale is in arbitrary units. The 2DES signal is plotted with respect to the detection axis, ω 3 , and the absorption axis, ω 1 . e, The sequence of three pulses used to generate the third-order heterodyne nonlinear signal. strongly coupled to the electronic transition, is apparent in the phonon sideband. This structure is clearly highlighted in the second derivative of the absorption spectrum shown in Fig. 1c .
As a chromophore, the NV defect can be described as a strongly vibrationally broadened two-level system. The only electronic transition is from the ground to the triplet excited state. The broad line shape observed in the linear absorption arises solely from the phonon sideband associated with this transition. The vibrational structure in the phonon sideband, seen in the linear absorption and emphasized in its second derivative (Fig. 1b,c) , is evident in the 2DES data shown in Fig. 1d . The vibrational contributions to the signal appear in the 2DES experiment because it follows excitation dynamics. The 2DES signal is generated by the nonlinear interaction of three ultrafast pulses with the NVD sample. At each waiting time, t 2 , the data are collected as a function of the time delay between the first two interactions, t 1 , which are labelled as shown in Fig. 1e . The first pulse generates a coherence between the ground and excited state that evolves during the time t 1 . The second pulse puts the system in an excited or ground-state population that evolves for the duration of the time delay t 2 . At each waiting time, the data are Fourier transformed with respect to t 1 , producing the conjugate variable ω 1 , and plotted relative to the frequency-dispersed emission axis, ω 3 , correlating the initial absorption event with the emission. This correlation allows us to follow the evolving system through vibrational and electronic states. The 2DES plot in Fig. 1d was collected for a time delay, t 2 of 5 ps. At this t 2 delay, the directly observable coherent evolution of vibrational modes has been damped out but relaxation through vibrational pathways is still apparent. These components can be seen by taking a slice at fixed ω 3 through the 2DES plot at the energy of the ZPL transition (15,700 cm −1 ). This slice, presented in Fig. 1f , frequency resolves the contributions to the emission at the ZPL energy, showing three peaks. The peak at ω 1 = 15,700 cm −1 is attributed to stimulated emission at the same energy as the initial absorption. The other two peaks correspond to signal contributions that absorb at energies of ω 1 = 16,180 and 16,780 cm −1 and emit at the energy of the ZPL. These two peaks are associated with the first and second vibronic transitions observed in the linear absorption, indicating that relaxation from the phonon sideband and emission at the ZPL transition energy involves participation of vibrational components.
The 2DES experiment correlates the initial absorptive interaction with the signal emission, creating a map of absorption and emission events. Diagonal features arise when the energies of absorption and emission are the same; off-diagonal features (cross peaks) originate when they are different. In an absolute value spectrum, the features above the diagonal can arise from an excited-state absorption contribution (requiring the participation of a third electronic state) or from the action of a vibrational mode excited at different points along its wavepacket trajectory 20, 21 . The peaks below the diagonal are primarily associated with energy transfer and redistribution among the nuclear degrees of freedom. In NVD, the defect centres (chromophores) are electronically isolated from each other. In this system, the off-diagonal contributions do not originate from inter-chromophore energy transfer but from vibrational contributions. In Fig. 1d and the corresponding slice in Fig. 1f , the peaks below the diagonal along the ZPL transition energy for fixed ω 3 arise from energy moving from the phonon sideband to the lowest-energy excited state through the strongly coupled electronic-vibrational transitions.
The ability to resolve the individual vibrational contributions to the emission at the energy of the ZPL is one of the main advantages of two-dimensional spectroscopy. The 2DES experiment allows us to separate out the origins of the zero-phonon emission, revealing the diagonal contribution along with cross peaks associated with the vibronic modes. Spectral resolution of the signal contributions does not necessarily mean that, in a nonlinear experiment such as 2DES, all of the signal that appears at the energy of the ZPL is strictly associated with a zero-phonon transition. Instead, the 2DES plot reports nonlinear absorption and emission energies and any signal with the same emission energy gap as the ZPL will appear at that energy. By correlating the initial absorption and emission events we can isolate different contributions to the signal, providing significant advantages as compared with other experiments. Figure 1d demonstrates that the primary relaxation channel for a waiting time of t 2 = 5 ps is through vibronic channels to the energy associated with the ZPL. At shorter waiting times, the energy is redistributed amongst multiple strongly coupled vibrational modes that beat, modifying the frequency dependence of the observed 2DES signal. This dynamic vibrational response is shown in a series of absolute-value 2DES surfaces at different waiting times in Fig. 2 . At waiting times of less than 2 ps (Fig. 2a-c) , the amplitude of the spectrum above and below the diagonal oscillates in response to the action of the vibrational modes strongly coupled to the NV defect. These amplitude oscillations define a regime of vibrational coherence in the system. After approximately Figure 2 | 2DES measurement of NV defect centres. a-e, Representative absolute-value total 2DES surfaces of NVD at different waiting times, t 2 , indicated in white. The intensity scale is in arbitrary units that are self-consistent within a set of experiments. At short waiting times (t 2 < 2 ps), the action of the vibrational modes is evident in the oscillating amplitudes across absorption and emission axes as the energy is redistributed amongst the vibrational degrees of freedom. After approximately 2 ps, the coherent vibrational dynamics driving the amplitude oscillations have relaxed and the 2DES signal assumes an asymptotic form dominated by the excited-state population decay. The black rectangles in a-e highlight the position of a vibronic cross peak, whose intensity oscillates with respect to the waiting time. f, The short-waiting-time oscillatory behaviour of the outlined region obtained from the 2DES surfaces. The bottom part presents the signal obtained by integrating the outlined region over the ω 1 axis and plotting it relative to the ω 3 emission axis, and the top part shows the total integrated intensity of the same region.
2 ps, the oscillatory motion is mostly damped leaving clear peaks associated with vibronic levels.
Many vibrational contributions appear in the 2DES data and can be seen by looking at different regions of the 2DES plot. The appearance of these modes is further complicated because they appear on top of a nanosecond decay associated with the excitedstate lifetime. To clearly show the oscillatory behaviour observed in the 2DES surfaces, we have selected a subregion associated with the first vibronic cross peak, labelled in Fig. 2a -e using a black rectangle. The short-waiting-time oscillatory behaviour of this region is presented in Fig. 2f . The bottom part of Fig. 2f presents the specified region integrated over the ω 1 axis and plotted with respect to the ω 3 emission axis, and the top part plots the intensity of the total integrated region defined by the black rectangle. Fig. 2f shows that there are strong, complex oscillations associated with vibrational modes in just this small subregion of the 2DES surface. By integrating over other regions or whole axes, it is possible to obtain the vibrational spectrum of the NVD system.
As shown in Fig. 2 , the overall 2DES signal intensity decays on a timescale of picoseconds associated with non-radiative relaxation in the phonon sideband and nanoseconds associated with the excited-state lifetime. At waiting times longer than 2 ps, the 2DES signal has a square shape with a distinct band at the ZPL transition energy on the emission axis. The square shape of the signal arises from the contributions of the vibronic levels. The laser spectrum used to excite the NVD sample (shown in Fig. 1b) is peaked at 16,000 cm −1 , which means that most of the excitation is into the phonon sideband.
The timescales associated with population dynamics (diagonal components of the density matrix) were recovered from the 2DES data by integrating over the two-dimensional (2D) surfaces at each waiting time, t 2 . Plotting the 2DES integrated intensity versus waiting time produces a transient grating signal (analogous to pump-probe spectroscopy). These data were then fitted to an exponential decay with a picosecond and nanosecond component, where the latter is associated with excited-state relaxation. The picosecond decay associated with non-radiative relaxation or internal conversion within the phonon sideband was found to be 4.2 ± 0.9 ps on the basis of an average of five repeat measurements. This timescale is slower than expected given the density of the vibrational states 22 , which suggests that individual strongly coupled vibrational modes dominate the relaxation process resulting in a reduced apparent density of states. Further details regarding recovery of the transient grating signal and the measurement of the internal conversion timescale are available in the Supplementary Information.
As Fig. 2 reveals, the vibrational dynamics in NVD are complex, involving a significant number of individual and overlapping vibrational modes. To resolve the vibrational modes coupled to the NV defect, we isolate the region of the 2DES spectrum associated with emission at the energy of the ZPL. A significant portion of the energy absorbed by the NV centre relaxes through vibrational channels to the ZPL energy, providing a sub-region of the spectrum that can be analysed to clearly isolate the vibrational modes even at long waiting times. This includes energy absorbed into the phonon sideband that relaxes to the lowest-energy excited state before emission. The strong vibrational coupling to the ZPL transition and the fast non-radiative rate associated with internal conversion is essential to the potential applications of the NVD system, especially those that rely on near-monochromatic emission or optical addressing of states, because these processes rely on relaxation to the band edge and subsequent emission or relaxation through an intersystem crossing mechanism.
The specific frequencies and dynamics of the vibrational modes associated with emission at the energy of the ZPL are shown in Fig. 3 . The black rectangle in Fig. 3a indicates the subregion of the plot associated with emission (along the ω 3 axis) at the ZPL energy. By integrating over the emission axis of the subregion, we obtain a single trace for each waiting time consisting of the features emitting at the ZPL energy dispersed along the axis of the initial absorptive event, ω 1 . This procedure effectively isolates and projects the contributions of the signal emitting at the ZPL energy onto the ω 1 axis. As shown in Fig. 3b , these traces for individual waiting times are stacked together to create a plot that shows the evolution of the different spectral components to the emission relative to the entire range of waiting times out to 100 ps. The signal along the waiting time axis provides information on the population dynamics. Contributions associated with coherences are recovered because the signal is dispersed along the ω 1 axis and thus includes off-diagonal parts of the spectrum. In Fig. 3b clear oscillations associated with low-frequency modes, most likely arising from acoustic phonons in the diamond lattice, are apparent even out to tens of picoseconds. The shorter waiting time dynamics, shown in Fig. 3c , reveal a rich pattern of higher-frequency coherent vibrations associated with the NV defect.
To resolve the vibrational components, the signal in Fig. 3b was Fourier transformed, producing the plot in Fig. 3d . The Fourier transform revealed a number of distinct vibrational components at frequencies in the range of 200-1,800 cm −1 . Other higher-frequency modes are probably present in the system; however, they are outside the bandwidth of the laser pulse. A number of vibrations were also present at lower frequency, forming a structured continuum of closely spaced modes. These lower-frequency modes are associated with the acoustic modes of the diamond lattice. The higherfrequency modes are strongly coupled to the defect and have a significant influence on its optical properties.
The frequencies obtained from the average of five independent 2DES experiments are listed in Table 1 along with comparisons to literature values determined theoretically and experimentally. The calculated values were obtained using different theoretical methodologies to determine the predicted frequencies of modes local to the NV centre. Although this comparison is not meant to be definitive, most of the experimentally observed modes match closely with calculated local modes. The frequencies obtained by previous, mostly luminescence, experiments have also been associated with local mode dynamics. Local modes are associated with deformations in the lattice within a few unit cells of the defect. The presence of the NV defect leads to a modification of the elastic moduli similar to that experienced by the dangling bonds in semiconductor nanocrystals 23 . These local modes dominate the bath comprising a major part of the dissipative response of the system. As is evident in Table 1 , there is excellent agreement between vibrational modes measured in the present experiment and those in the literature either determined theoretically or experimentally. In some cases, there are multiple closely spaced modes that could be associated with the frequencies observed in the 2DES experiment. It is possible that all of those modes are present but are not unambiguously resolvable. The previously observed experimental vibrational frequencies listed in Table 1 were obtained entirely from steady-state experiments, whereas the values obtained from the 2DES experiments were measured as they evolved in real time. This allowed direct observation of vibrational coherences and the dynamics of vibrational relaxation pathways, impossible to retrieve from previous experimental work. In addition, observation of vibrational modes in the 2DES experiment requires that the vibration be strongly coupled to the electronic transition, providing a direct link between the optically excited NV defect and the observed frequencies.
On the basis of the tentative assignment to theoretical values listed in Table 1 , the experimentally observed modes are a combination of ground-and excited-state, a and e symmetry types. respectively, calculated using discrete modes at frequencies recovered from the 2DES experimental data (Fig. 3d) . c,d, The experimental 2DES measured at t 2 = 5 ps and linear absorption signals, respectively.
The peaks at 457, 558 and 1,028 cm −1 correspond to the vibronic structure in the linear absorption. The only mode without an assignment is the lowest frequency vibration at 182 cm −1 . The two highest frequency modes listed, 1,339 and 1,525 cm −1 , are probably associated with delocalized diamond lattice dynamics. The 1,525 cm −1 mode is an e symmetry mode 24 or an sp 2 phase Raman emission 25 . The contribution at 1,339 cm −1 is most likely a Raman mode from the bulk diamond matrix 26 although a local mode at 1,344 cm −1 has been experimentally observed. From the 2DES data, we have measured a series of vibrational modes that are strongly coupled to the NV centre. To understand the involvement of the individual vibrational modes in the measured spectra, we used the experimental vibrational frequencies to model the 2DES signal. We calculate the linear and third-order nonlinear optical response of the NVD by modelling it as a vibrationally broadened two-level system. Following a response function formalism based on the work of refs 27,28, the vibrational modes were explicitly included in the spectral density, which can be written as a sum of individual contributions 29 . The spectral density of the system was constructed using a Drude-Lorentz form for the quasi-continua of low-frequency modes (sub 100 cm −1 ). A form of the multimode Brownian oscillator model adapted to the case of one oscillator 30, 31 was used to include the individual frequencies obtained from the 2DES experiment. (Further details are given in the Supplementary Information.)
Simulated 2DES and linear absorption spectra are presented in Fig. 4a,b , respectively. The corresponding experimental data are shown in Fig. 4c,d . The simulation closely agrees with the experimental results with some deviation at higher energy. This is because the input frequencies were cut off and an approximation of the experimental laser pulse spectrum was used. Calculations performed for shorter waiting times also reproduce the oscillating amplitudes across the 2DES spectra shown in Fig. 2 . In the simple two-level electronic system model, all of the broadening and structure comes from the experimentally obtained frequencies used as inputs in the spectral density. These strongly coupled local vibrational modes that dominate the vibrational bath of the NVD system are sufficient to recover both the linear and the nonlinear optical response.
The vibrational modes coupled to the NV centre influence spinorbit coupling, dephasing and relaxation and are critical for the application of NVD to quantum information and memory, singlephoton sources, imaging and sensing. Using 2DES measurements, we have revealed the interaction between the optically excited NV defect and the vibrational bath, showing that the response of the system is determined by strongly coupled local modes. Accessing the dominant components of the vibrational bath will allow us to tune the properties of the system, providing new avenues for research. For example, by optically pumping the NV centres we could specifically excite phonon modes based on their coupling factors, allowing the development of an NVD material that can be used for quantum storage and information processing based on both phonons and spin.
Methods
2DES measurements were performed using an apparatus described in detail previously 32 and are only briefly summarized here. The output from a home-built Ti:sapphire oscillator/regenerative amplifier was used to pump a non-collinear optical parametric amplifier (NOPA), generating pulses in the visible wavelength range. The NOPA output was tuned for wavelength and bandwidth to excite the sample at the energy of the ZPL and the first two strongly coupled vibronic transitions. The spectrally tuned NOPA pulses were used for the 2DES experiment, which was performed using a diffractive-optic-based design, where four passively phase-stabilized beams were focused into the sample using a box geometry. The signal radiated in the k s = −k 1 + k 2 + k 3 phase-matching direction was mixed with a weak local oscillator reference beam, spectrally dispersed using a Princeton Instruments SP2300A spectrometer and heterodyne-detected on a PIXIS 100 camera.
The 2DES data at each waiting time, t 2 , were collected as a function the time delay between the first two interactions, t 1 , which are labelled as shown in Fig. 1e . To obtain the 2DES data, the time delay t 1 was scanned using matched glass wedge pairs that allow for attosecond time-step resolution without beam deviation 33 . The interferograms generated by the mixing of the signal and the local oscillator were collected for the scanned delay t 1 and Fourier transformed to produce the frequency-domain 2D spectrum for a single delay t 2 . Population dynamics were obtained by repeatedly scanning t 1 for different waiting times, t 2 . All of the 2DES plots shown here are absolute-value total signals. A total (or relaxation) 2DES signal consists of both the rephasing and the non-rephasing components that are experimentally separated by the relative time ordering of pulses one and two. The rephasing portion is a properly time-ordered signal where pulse one arrives before pulse two and the non-rephasing is collected when pulse two arrives before pulse one. As pulses one and two have different k vectors, the signal produced in the −k 1 + k 2 + k 3 signal direction corresponds to a photon echo for the rephasing and a free induction decay for the non-rephasing signal. The total signal is a sum of both parts, producing a non-phase-twisted signal revealing the relaxation dynamics of the system. The NVD sample was synthesized (by Element Six) using a high-pressure and high-temperature method with an approximately 50 ppm nitrogen concentration. The sample was irradiated with 3 MeV electrons with a dose of 2 × 10 19 cm −2 and annealed at 1,325 K for two hours. This produced negatively charged NV centres with an optical density at room temperature of 0.06 at the ZPL (638 nm, 15,700 cm −1 ) with an optical path length of 20 µm, as shown in Fig. 1b . The optical density was determined from the linear absorption of the NVD sample measured using a Varian Cary 50 ultraviolet-visible spectrophotometer. The 2DES experiments were performed using 60 nm or 1,600 cm −1 full-width at half-maximum spectral bandwidth pulses with a central wavelength of 625 nm or 16,000 cm −1 and compressed to near-transform-limited sub-20 fs pulses at the sample position. The pulse was characterized using a frequency-resolved optical gating technique on a fused-silica plate. The data were minimally processed and no interpolation or smoothing was applied to the 2D plots. 2DES measurements on a model dye system, oxazine 720 in methanol, were performed before and after the experiments on the NVD sample to ensure experimental consistency. The t 1 time delay was scanned over ±120 fs and 2DES surfaces were collected for t 2 time delays from 0 to 310 fs in 10 fs steps, from 325 to 400 fs in 25 fs steps, from 400 to 1.5 ps in 100 fs steps, at 1.8 ps, from 2 to 5 ps in 500 fs steps, from 5 to 10 ps in 1 ps steps, from 10 to 50 ps in 5 ps steps and from 50 to 100 ps in 10 ps steps. Each t 2 time was repeated a minimum of three times and the entire experiment was independently repeated five times. All experiments were performed at room temperature.
